Abstract Land use specific deposition velocities of atmospheric trace gases and aerosols-particularly of reactive nitrogen compounds-are a fundamental input variable for a variety of deposition models. Although the concept is known to have shortcomings-especially with regard to bi-directional exchange-the often limited availability of concentration data and meteorological input variables make it a valuable simplification for regional modeling of deposition fluxes. In order to meet the demand for an up-to-date overview of recent publications on measurements and modeling studies, we compiled a database of ammonia (NH 3 ) deposition velocities published from 2004 to 2013. Observations from a total of 42 individual studies were averaged using an objective weighing scheme and classified into seven land use categories. Weighted average and median deposition velocities are 2.2 and 2.1 cm s −1 for coniferous forests, 1.5 and 1.2 cm s −1 for mixed forests, 1.1 and 0.9 cm s −1 for deciduous forests, 0.9 and 0.7 cm s −1 for semi-natural sites, 0.7 and 0.8 cm s −1 for urban sites, 0.7 and 0.6 cm s −1 for water surfaces, and 1.0 and 0.4 cm s −1 for agricultural sites, respectively. Thus, values presented in this compilation were considerably lower than those found in former studies (e.g., VDI 2006). Reasons for the mismatch were likely due to different land use classification, different averaging methods, choices of measurement locations, and improvements in measurement and in modeling techniques. Both data and code used for processing are made available as supplementary material to this article.
Introduction
Atmospheric ammonia (NH 3 ) has long been recognized as a major airborne pollutant. It can act as a precursor for aerosols, and its deposition has a significant impact on soil acidification, ecosystem eutrophication and, consequently, changes in species composition and biodiversity . In order to assess the impact of ammonia emissions and transport, mainly caused by livestock and fertilization (Bouwman et al. 1997) , some air quality models (e.g., the AUSTAL2000 model of Janicke 2002) use a so-called inferential method; that is, the deposition flux F (g m −2 s −1
) is calculated as the product of the concentration of a compound at a certain reference height, c zR (μg m still often necessary once we leave the single plot scale. The deposition of NH 3 involves a large number of complex processes, especially due to the high reactivity of the compound, strong water solubility, formation of particulate matter in the form of ammonium nitrate (NH 4 NO 3 ) in the presence of nitric acid (HNO 3 ), bi-directional transport paths and canopy-dependent compensation points, nonstomatal uptake, co-deposition of NH 3 and SO 2 , and other factors Flechard et al. 2013) . In practice, it is not always possible to resolve these processes in regional models, primarily due to limited availability of spatial input data. In the recent past, many formulations for bi-directional, compensation point based dry deposition models have arisen in the literature (Bajwa et al. 2008; Neirynck and Ceulemans 2008; Personne et al. 2009; Massad et al. 2010; Zhang et al. 2010) . However, necessary input parameters for these models may not always be available for larger areas. Therefore, many of these processes and characteristics are sometimes aggregated in a single reference value of the deposition velocity per land use type. For example, in Germany, a set of three reference values compiled by the Association of German Engineers (Verein Deutscher Ingenieure, VDI) based on data from 10 years ago and earlier (VDI 2006 ) is commonly used in regional model applications.
The ongoing intensification of agricultural practices, as well as increasing traffic volume and industrial processes, calls for a periodic update of these land use specific values. Furthermore, flux measurement and modeling techniques have greatly improved, and a number of large monitoring studies were carried out in the last few years. Measurements covered by this literature study were carried out using a number of different methods, including the aerodynamic gradient technique (Phillips et al. 2004) , relaxed eddy accumulation (Meyers et al. 2006) , chamber methods , and N deposition estimation using biomonitoring Weigel et al. 2000; Russow and Bohme 2005; Sommer et al. 2009; Tauchnitz et al. 2010) or synthetic surrogate surfaces (Anatolaki and Tsitouridou 2007) . Additionally, inferential (Hicks et al. 1987; Wesely and Hicks 2000) and chemical transport models (Builtjes et al. 2011 ) were used to simulate deposition fluxes. The aim of this study is to incorporate these new measurement and model approaches into an up-to-date database of ammonia deposition velocities published in the preceding decade. These are presented in a generalized form as weighted annual averages and median values for different land use types. Both the data and IPython code that was used for the calculation of these new reference numbers are published as supplementary material of this article for re-use and modification by other researchers.
Materials and Methods

Literature Survey
We performed an iterative, snowball-type literature research: In a first step, the citation indexing service Thomson Reuters Web of Science (formerly ISI Web of Knowledge) was queried using they keywords ammonia +deposition +veloc*. Search results were limited to the period from 2004 to 2013. The query yielded a total of 90 international publications, which were then screened for obviously unrelated articles, e.g., such articles that only deal with the deposition velocity of other trace gases in detail. We only used sources in our further analysis that either directly report measured, modeled, or otherwise researched deposition velocities or that include measurements of deposition fluxes and corresponding NH 3 concentrations that could be used to calculate deposition velocities. Consequently, studies that only discuss the concept of deposition velocities in general were disregarded. All sources were reviewed for (i) measurement method, (ii) NH 3 deposition velocities (directly reported, or calculated by the authors of this article), (iii) reference height, (iv) NH 3 concentrations at the reference height, (v) descriptions of the measurement site and land use, and (vi) temporal coverage (how many seasons do the measurements cover and how long did the authors measure during these respective seasons). In a second step, the references cited in the results from the initial database query were screened for further potentially useful articles published in the time frame of interest. These were then again treated as described above and likewise screened for further relevant studies. This process was repeated until no additional literature could be obtained. In the end, this approach led to a collection of 42 suitable sources that were used for statistical analysis and classification into different land use types.
Data Processing
Most of the studies cited here report their findings on NH 3 deposition velocities either directly in the text or as tabulated values. If in the studies cited NH 3 deposition velocity values were not directly reported in the text or in tables, we determined v d from deposition fluxes and concentrations at the reference height. In a few studies, v d could only be visually estimated from figures. In those cases when only a range of measured deposition velocities was reported, the center of this range was taken as an estimate for the average deposition velocity for the respective site. When multiple values of v d were reported, e.g., as a result of data syntheses, modeling studies, or literature surveys, these were grouped by land use class, arithmetically averaged, and used as a single study in the further analysis.
The results were categorized into seven land use classes: deciduous-, coniferous-, and mixed forests, semi-natural sites (e.g., grasslands or peatlands), urban sites, agricultural sites, and water surfaces. Studies were classified as unspecified when the site description was unclear (e.g., remote site) or when deposition velocities were reported as one for multiple land use categories. Two statistics were calculated as a means of aggregation: the median, as a robust estimator for the central tendency, and a weighted average of the respective groups.
The former was calculated as follows: Weights for the latter were derived from the temporal coverage of the corresponding studies: For each season (i.e., spring, summer, fall, and winter) of the year where the measurements were conducted (regardless of the number of years), a study was assigned one point, as well as additional points for the measurement duration during these seasons (i.e., 0 to 3 weeks of a season: one point; 3 to 6 weeks: two points, 6 to 9 weeks: three points, 9 weeks and more: four points). Consequently, each study would be weighted with a minimum of two points (1 day to 3 weeks of measurement during one season) and a maximum of eight points (average of 9 weeks of measurements or more for each of four seasons). The weighted average deposition velocity for one land use class
) was then calculated by multiplication of the individual studies' v d,i with the weights for the number of seasons w s,i (−) and the coverage of these seasons w c,i (−) and division by the total sum of weights assigned for all v d,i of one land use class:
Results
A total of 42 studies were deemed relevant and reliable and were, except for two duplicate values (Neirynck et al. 2005 (Neirynck et al. , 2007 Neirynck and Ceulemans 2008) , consequently used in the calculation of average and median v d for the seven land use classes. Since a subset of these studies were compilations of results from large measurement campaigns, or literature studies themselves, a higher number (61) of individual values for the ammonia deposition velocity could be extracted. Only one value per land use class (if based on the same measurement technique) of an individual study was used in the averaging process; some studies, such as Flechard et al. (2011) , are actually based on data syntheses from more than 50 sites. Broken down into land use classes, we were able to use six, four, four, 19, five, three, 18, and two individual values for coniferous forests, mixed forests, deciduous forests, semi-natural sites, urban sites, water surfaces, agricultural sites, and unspecified sites, respectively (Table 1) . Studies conducted at semi-natural and agricultural sites were clearly found to be dominant.
Median deposition velocities were highest for coniferous forests and lowest for agricultural sites. Weighted averages show a slightly different order, with the highest values again from coniferous forest sites, but the lowest from urban sites and water surfaces (Fig. 1) .
While many studies (75 %) covered all four seasons, 18 % of all studies only measured during one season. Two thirds of v d values are based on continuous measurements; however, 21 and 11 % of all studies only covered up to 3 or up to 6 weeks per season, respectively.
Discussion and Concluding Remarks
We presented a compilation of ammonia deposition velocities ( Due to missing information in many studies, it was not possible to derive a robust dependency of deposition velocity on reference height. It is well known that concentration profiles are usually not strictly linear; therefore, a constant concentration gradient governing the deposition process is not always a valid assumption. However, a large number of authors did not report the respective reference height. If it was provided, in many cases, no details, e.g., on the consideration of zero plane displacement height were reported. The same holds true for reporting uncertainty estimates. Due to inconsistent use of terminology, omission of details on the uncertainty estimation techniques and on the nature of reported uncertainties (standard deviations, standard errors, confidence intervals, ranges), or simply no mention of uncertainty at all, it was not possible for us to do an error propagation and report more than ranges for the aggregated values of v d .
Note that we did not distinguish agricultural sites by different management practices. Some authors, e.g., Cui et al. (2011) , explicitly report v d during different phases of management and include fertilization periods in the annual average. In other cases, such as the data synthesis of Flechard et al. (2011) , fertilization periods were excluded from dry deposition velocity estimates. Furthermore, many authors did not report whether average v d values were obtained from long-term average concentrations and fluxes, or as an average of multiple individual (e.g., daily or hourly) v d estimates, which may lead to differences in the significance of singular events, like emission periods shortly after fertilization, with regard to the average deposition velocity.
It is worth noting that more than half of the values for the ammonia deposition velocity are the results of inferential modeling or the use of chemical transport models and not of direct flux measurements, like those using aerodynamic gradient techniques, which may play a role regarding the fact that our v d values are lower than those of comparable studies. However, recent technical improvements, both in the area of modeling (Flechard et al. 2013) and in measurement (von Bobrutzki et al. 2010) , especially in the field of optical techniques such as open path DOAS (e.g., Volten et al. 2012) or QCL spectroscopy (e.g., Ferrara et al. 2012 , based on the concept of Nelson et al. 2004) , may lead to an increase of or at least to more reliable ammonia exchange studies in the near future.
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